Abbreviations used: ANOVA, analysis of variance; MeAl CCAO, middle cerebral artery and common carotid artery occlu sion; SHR, spontaneously hypertensive rat; VIC, volume of ischemic cortex.
Summary: Two strategies were used to estimate the blood flow threshold for focal cerebral infarction in spon taneously hypertensive rats (SHRs) subjected to perma nent middle cerebral artery and common carotid artery occlusion (MCAICCAO). The first compared the vol ume of cortical infarction (24 h after ischemia onset) to the volumes of ischemic cortex (image analysis of [14Cliodoantipyrine CBF autoradiographs) perfused be low CBF values <50 (VICso) and <25 ml 100 g -1 min -' (VIC2s) at serial intervals during the first 3 h of ischemia. The infarct process becomes irreversible within 3 h in this model. In the second, measurements of CBF at the bor der separating normal from infarcted cortex at 24 h after ischemia onset were used as an index of the threshold. During the first 3 h of ischemia, VIC50 increased slightly
The CBP threshold for histologic damage in focal cerebral ischemia is believed to lie between 10 and 17 ml 100 g -1 min -1, the exact level depending on the duration of the ischemic period (Morawetz et al., 1978; Astrup et al., 1981; Jones et al., 1981; Heiss, 1983; Heiss and Rosner, 1983; Symon, 1985) . These threshold values are based on experiments performed predominantly in cats and primates but are usually viewed as applicable to other species. An extrapolation to small rodents, however, is un warranted. Blood flows of up to 24 ± 3 ml 100 g-l min -1 measured 30 min after middle cerebral artery occlusion (MCAO) in rats have been associated to reach a maximum size at 3 h that closely matched the 24 h infarct volume. VIC25, in contrast, consistently un derestimated the infarct volume by a factor of 2-3. CBF at the 24 h infarct border averaged 50 ml 100 g-I min -I.
Taken together, the results indicate that the CBF thresh old for infarction in SHRs approaches 50 ml 100 g -1 min -1 when ischemia persists for ;:;.3 h. This threshold value is approximately three times higher than in pri mates. Since cortical neuronal density is also threefold greater in rats than in primates, the higher injury thresh old in the rat may reflect a neuronal primacy in determin ing the brain's susceptibility to partial ischemia. Key Words: Focal cerebral ischemia-Middle cerebral artery occlusion-Spontaneously hypertensive rat-Blood flow threshold-Ischemic penumbra.
with histologic damage at 2 h after MCAO (Tamura et al., 1981) . Using simultaneous CBP autoradiog raphy and histology, Tyson et al. (1984) consis tently detected abnormalities in the laminar and co lumnar organization of rat neocortex with CBP <25 ml 100 g -I min -I at 4 h after MCAO. Histopatho logic changes were also observed, albeit erratically, in brain regions with CBP = 25-35 ml 100 g-I min-I.
Ischemic injury, however, may occur at even higher blood flows. Pollowing permanent common carotid artery occlusion and transient (30 min) hy potension, pathological changes 2.5 h after ischemia onset were correlated to CBP values averaging slightly less than 50 mll00 g-I min -I (measured 15 min after ischemia onset) in the deepest layers of the cortex (Mendelow et al., 1984) . Moreover, CBP values in the 40-50 ml 100 g -I min -I range (mea sured 2-2.5 h after the onset of focal ischemia) pro voke major changes in protein synthesis (Mies et al., 1991) the expression of heat shock proteins (Jacewicz et al., 1986) , and cerebral acidosis (Nakai et aI., 1988; Kaplan et aI., unpublished observa tions) . Although these seemingly high blood flows appear to be noxious, it remains to be proven that such flows (a) irreversibly injure brain cells and (b) are not preceded or followed by lower CBF levels that could trigger injury.
To estimate the CBF threshold for focal cerebral infarction in the rat, we employed two strategies. The first was based on the generally accepted prop osition that the CBF threshold for infarction de pends on both the duration and the degree of isch emia. In the rat, the temporal threshold for maxi mizing focal cerebral infarction (i.e., ischemia duration following which recirculation no longer at tenuates infarct volume) is approximately 3 h (Xue et aI., 1990; Chen et aI., 1991; Kaplan et aI., 1991) . We reasoned that serial measurements of CBF (e4C]iodoantipyrine autoradiography) during the first 3 h of ischemia should accurately reflect the ischemic conditions causing maximal infarction. U sing a rat model (Brint et aI., 1988) of middle ce rebral and common carotid artery occlusion (MCAI CCAO), we quantified ischemia severity in volu metric units. The volume (mm3) of cortex perfused with CBF < 25 ml 100 g-I min -I (VIC2s) and with CBF < 50 ml 100 g -I min -I (VICso) were measured at intervals between 15 min and 3 h after MCAI CCAO and compared to the 24 h infarct volume. This characterized the CBF dynamics producing the VIC2s or VICso at 3 h of ischemia-the ischemia duration for maximal infarction in anesthetized spontaneously hypertensive rats (SHRs) (Kaplan et aI., 1991) . A comparison of either the 3 h VIC2s or VICso with the 24 h infarct volume should yield an estimate of the CBF threshold for infarction. To bolster (or contradict) the findings in the anesthe tized animals, we also measured the VIC2s and VICso in CBF autoradiographs (involving unanes thetized SHRs) from three previously reported studies (Brint et aI., 1988; Jacewicz et aI., 1990b; Jacewicz et aI., 1991b) plus one new study, and then compared the ischemic volumes (measured at 2.5 h after ischemia onset) to the 24 h infarct volumes ob tained from concurrent histologic experiments (Brint et aI., 1988; Dirnagl et aI., 1990; Jacewicz et aI., 199Oa) .
Our second approach was to measure microre gional CBF across the border separating normal and infarcted tissue 24 h after ischemia onset (Jacewicz et aI., 1990c) . This would identify the minimal CBF associated with viable tissue in prolonged ischemia (CBF on the undamaged side of the infarct edge) and the maximum CBF associated with ischemic damage (CBF on the infarct side). Part of this work has been published in abstract form (J acewicz et aI., 1990c) .
METHODS
The experiments involved two groups of animals. The first group of experiments were conducted in parallel with investigations of the temporal thresholds of infarction in SHRs (Kaplan et aI., 1991) . Since the experimental par adigm for determining the temporal thresholds for maxi mal infarction in this model required temporary MCA! CCAO and mechanical ventilation (with light halothane anesthesia), group 1 in the current study also employed mechanical ventilation. This allowed a direct comparison between the duration of ischemia (15 min and 1, 3, and 24 h) and its severity (i.e. , assessed by VIC25 and VIC5o) as two critical factors governing the magnitude of infarction.
The second group (group 2) compared VIC25 and VIC50 in conscious SHRs at 2. 5 h after MCA/CCAO with the infarct volumes measured 24 h after permanent MCAI CCAO in SHRs treated similarly. These animals were drawn from previously published and from new experi ments (see below). The purpose of group 2 was not to make direct comparisons between anesthetized and un anesthetized SHRs, but to determine if the results from group 2, for which there were a very large number of animals, conformed to the results of group 1. Mechanical ventilation was avoided and halothane exposure was kept to a minimum during the ischemic periods. The 2.5 h time interval was selected because (a) preliminary work sug gested that as much as one-half of the MCA territory threatened with infarction was in transition between re versible and irreversible ischemic damage at this time, and (b) most of our previous CBF studies (Brint et aI., 1988; Jacewicz et aI. , 1991b; Jacewicz et aI., 1990b) were conducted at this time and were available for volumetric analyses.
Group 1: halothane-anesthetized, mechanically ventilated SHRs
After an overnight fast, male SHRs (250-330 g) (Taconic Farms) were anesthetized with 2% halothane in a mixture of 30% oxygen-70% nitrogen. Surgical fields were shaved and washed with a povidone-iodine solu tion. A right paramedian cervical incision permitted can nulation (PESO) of the external jugular vein (for later in jection of the blood flow tracer [14C]iodoantipyrine) and placement of a loose ligature (4-0 silk) around the right common carotid artery. The tail (or femoral) artery was cannulated (PESO) for the measurement of blood pres sure, arterial blood gas tensions, and for blood sampling during the terminal CBF study. The rats were then intu bated and mechanically ventilated (Harvard Apparatus) with 0.5% halothane and 30% oxygen-70% nitrogen. At ropine and curare were omitted because other experi ments (Jacewicz et aI. , unpublished observations) had shown superior postextubation recovery of physiological parameters in the absence of these drugs. Spontaneous respirations during ventilation were infrequent and did not interfere with the control of arterial blood gases.
The right middle cerebral artery was exposed by a transtemporal approach (Coyle, 1982; Brint et aI. , 1988) . A partial excision of the temporalis muscle permitted drilling of a 2 mm burr hole 2-3 mm rostral to the fusion of the zygoma with the squamosal bone. A gentle flow of 0.9% saline during drilling prevented any heating of the underlying cortex. The right carotid artery ligature was then tightened, and the dura was cut (�1 mm above the inferior cerebral vein) to expose the MeA just distal to the lenticulostriate branches. The MCA was gently lifted (1 mm) off the cortical surface with an 80 fLm stainless steel hook mounted in a Narishige micromanipulator and, after discontinuing the saline drip, severed by application of an electrocautery (Geiger) to the hook (Brint et aI., 1988) . In sham-operated animals, the carotid ligature was gently manipulated and removed, and the hook was in serted beneath the MCA and immediately withdrawn (15 min before the CBP study). The wounds were clipped or sutured closed. Surgery required 30-45 min to complete. The SHRs were randomly assigned to ischemic intervals of either 0 min (i.e., sham, n = 7), 15 min (n = 9), 1 h (n = 8), 3 h (n = 7), or 24 h (n = 7). In the latter, it was impractical to ventilate rats for the entire 24 h period. These animals were extubated 3 h after MCAICCAO and 21 h later reintubated for the CBP study (done 15-30 min later). A smooth transition from controlled respiration to independent breathing at 3 h after MCAICCAO was achieved by discontinuing halothane and allowing the an imals to awaken prior to their removal from the ventila tor. Animals were closely monitored for respiratory dis tress (none occurred), and arterial blood gases were mea sured 5-10 min after extubation to document that respiratory function was not compromised. Prior to their awakening, 5% lidocaine ointment was applied to the sur gical wounds. The animals were then returned to their cages with free access to water.
Group 2: minimal anesthesia exposure during the ischemic period in SHRs
Group 2 experiments consisted of conscious SHRs that underwent CBP studies at 2.5 h after MCAICCAO and histologic studies at 24 h after MCAICCAO. Pour exper iments made up group 2: (A) a new CBP study (n = 5) and a new histological study (n = 5), (B) a CBP study (n = 5) and its histologic counterpart (n = 10) adapted from Brint et al. (1988) , (C) CBP controls (n = 9) and histo logic controls (n = 28) from our nimodipine treatment studies (Jacewicz et aI. , 1990a,b) , and (D) CBP controls (n = 10) and the concurrent histologic controls (n = 8) from our MK-801 treatment studies (Dirnagl et aI. , 1990; Iacewicz et aI. , 1991b) . The experimental protocol for A-D was very similar: SHRs underwent MCAICCAO as described above, except that anesthesia (delivered by face mask) was discontinued immediately after ischemia onset. The animals had 5% lidocaine ointment applied to their surgical wounds, awakened 10-15 min later, and re mained conscious for the duration of the ischemic period. Ten minutes prior to the CBP study, the animals were placed in a restraining box and allowed to equilibrate. CBP was measured at 2. 5 h (series A-D) and at 24 h after MCAICCAO (series A), the latter undergoing a simulta neous histologic analysis as well (see below). All CBP studies in our laboratory involving SHRs subjected to 2.5 h of MCAICCAO (and their 24 h histologic counterparts) were included in the A-D experiments. This brought a total of 29 conscious SHRs with VIC25 and VIC50 mea surements (at 2.5 h after MCAICCAO) for comparison with a total of 51 conscious SHRs with 24 h infarct vol umes.
rCBP at the infarct border CBP at the infarct edge was measured under histologic guidance (see below) at 24 h after MCAICCAO. The an imals included mechanically ventilated SHRs (n = 7) from group 1 and conscious SHRs (n = 5) from group 2.
Physiological monitoring
During MCAICCAO surgery, the blood pressure was continuously monitored (Beckman R 511 polygraph), ar terial blood gases and pH serially measured (Corning 158 pH/blood gas analyzer), and body temperature main tained at 37°C using a rectal thermister coupled to a heat ing lamp (Yellow Springs Instruments, Yellow Springs, OH, U.S.A.). In all animals, physiologic variables were measured at the time of MCAICCAO and at the time of the CBP study. The animals subjected to 3 h of ischemia had hourly testing as well. In conscious animals subjected to 24 h of ischemia, physiologic variables were measured at MCAICCAO, 2 h after MCAICCAO, and at the time of the CBP study.
Quantitative CBP analysis
CBP was quantified by a standard indicator fractionation technique using [14C]iodoantipyrine as the blood flow tracer (Van Uitert and Levy, 1978; Van Uitert et aI., 1981) . Although the CBP studies were performed over 4 years, one investigator (M.J.) participated in all of the CBP studies (groups I and 2). [14C]iodoantipyrine was injected as a bolus (30-40 fLCi in 0. 4 ml of 0.9% saline) into the jugular venous cannula, while femoral or tail ar tery blood was withdrawn into a syringe using a Harvard pump. The animal was decapitated 5-6 s after isotope injection, and the femoral (tail) artery cannula was sev ered simultaneously. The short circulation time mini mized any back flux error that may accompany this tech nique (Patlak et aI., 1984; Jones et aI. , 1991) . Brains were quickly removed, frozen in Preon over dry ice, cut into 20 fLm thick coronal sections at -25°C, and exposed to Kodak SB-5 film for 10-14 days. Aliquots (20-30 fLl) of the withdrawn blood were dissolved in 0. 5 ml of Protosol (Dupont NEN), mixed with 10 ml of Toluence-Omnifluor (Dupont-NEN), and 14C was measured in a Searle Mark III scintallation counter. The optical densities of the SB-5 autoradiographs were measured regionally in the cortex and in other selected brain regions with a Quantimet 970 Image Analyzer (Cambridge Instruments). Correlation to [14C]methylmethacrylate standards (Dupont-NEN) ex posed with the brain sections allowed quantification of the 14C concentration in the sections and calculation of regional CBP (Van Uitert and Levy, 1978; Van Uitert et aI., 1981) . In brains exposed to 24 h of ischemia, the infarct border on the autoradiograph was determined by juxtaposing the adjacent coronal sections processed for histology. Regional CBP was measured at 0.5 mm inter vals across the infarct border at the level of the basal ganglia (2 mm anterior to the bregma), the dorsal hippo campus (2 mm posterior to the bregma), and the occipital lobe (6 mm posterior to the bregma).
Ischemic volume measurements (VIC2s and VIC s o)
On the autoradiographs, areas of cortex with CBP < 25 and < 50 ml 100 g-I min -I were serially imaged, quan tified, summed, and multiplied by the brain section inter val thickness (500 fLm) (Quantimet 970 Image Analysis) to yield a volume measurement in mm3 (VIC25 and VIC50). This was done by an individual unaware of the duration of the experimental conditions. VIC25 was selected because CBP < 25 ml 100 g -1 min -I represented a conservative estimate of CBP threshold consistently associated with early histologic damage in the rat (Tyson et aI., 1984) . VIC50 included VIC25 plus a region we defined as "mod erately ischemic" cortex (i. e. , with CBP of 25-50 ml 100 g -I min -I) in which early metabolic changes were known to occur (see the introduction) but in which the long-term outcome of ischemic injury was uncertain. Early in ischemia, this region probably overlapped with the so-called "ischemic penumbra" that surrounds an in farcted zone (Astrup et ai., 1981; Symon, 1985) .
Cortical edema volume
Our method for quantifying cortical swelling (due to edema) in autoradiographs and histologic sections has been previously described (Jacewicz et ai., 1990a (Jacewicz et ai., ,b, 1991 (Jacewicz et ai., , 1991a . For each coronal section (groups 1 and 2), the right (ischemic) cortex was imaged from the sagittal sul cus to the rhinal fissure, quantified, multiplied by the in terval thickness (500 f,Lm), and summed (Quanti met 970) to yield a total right (ischemic) cortical volume. The left (nonischemic) cortical volume was similarly determined and subtracted from the right to yield, by definition, a volume of edema in the right ischemic neocortex.
Cortical infarct volume
Brains exposed to 24 h of ischemia also underwent quantitative measurements of infarct volume. For each coronal brain section cut for autoradiography, an adja cent 20 f,Lm frozen section was processed for histology. The coronal sections were dried on a hot plate at 60°C, fixed in 90% ethanol for 10 min, and stained with hema toxylin and eosin. Infarcted brain stained a pale pink and was readily distinguished from noninfarcted tissue. The infarct area (mm 2 ) of each section was measured (Quan timet 970), summed, and multiplied by the interval thick ness (500 f,Lm) to obtain an infarct volume (mm3).
Statistical analysis
Blood flow data, edema volume, and physiologic pa rameters were expressed as means ± SD. One-way anal ysis of variance (ANOV A) with multiple comparisons (Tukey) was used to evaluate the effect of ischemia du ration on (a) VIc25, (b) VIC5o, (c) the volume of moder ately ischemic cortex (CBF = 25-50 ml 100 g-I min -I),
and (d) the volume of cortical edema. A two-way ANOV A was used to examine the effect of anesthesia on rCBF at the infarct edge and to compare VIC25 and VIC50 at 2. 5 h after MCAICCAO to the corresponding 24 h in-farct volume (group 2). A Student's t test was used to compare VIC25 and VIC50 at 3 h after MCAICCAO to the 24 h infarct volume (group 1) and to compare VIC25, VIC5o, and edema volume at 2.5 h (group 2) vs. 3 h (group I). A linear correlation program was used to examine if the mean arterial blood pressure (MABP) at MCAICCAO or at any other time during the ischemic period influenced (i) VIC25, (ii) VIC5o, (iii) edema volume, and (iv) infarct volume. Scatter diagrams were plotted, and the correla tion coefficients (r) were calculated.
RESULTS

Physiological variables
Except for halothane-induced hypotension, the controlled physiologic variables in the mechanically ventilated rats (group 1, Table 1 ) resembled the con scious state (group 2, Table 2 ). Serial hematocrits were comparable in all groups (data not shown) and averaged 45 ± 3%. The 24 h survivors in group 1 withstood extubation at 3 h after MCAICCAO with out a deterioration in arterial blood gases, and their blood pressures recovered rapidly ( Table 1 ). In non ventilated rats (groups 2), a mild halothane-induced hypotension and respiratory acidosis accompanied MCAICCAO surgery but quickly reversed when halothane was discontinued ( Table 2) . These ani mals awoke 10-15 min after ischemia onset and re mained conscious for the remaining 24 h ischemic interval. Rats that awoke from anesthesia generally demonstrated grooming and drinking behavior 1-3 h later.
Early expansion and stabilization of cortical ischemic volumes and a correction of edema
The volume of cortex with CBF < 25 ml 100 g-I min -I (VIC25) enlarged during the first 3 h of isch emia (Fig. 1) . The enlargement was due partly to an This also meant that, as VIC25 enlarged, the sur rounding moderately ischemic zone was displaced peripherally in the MCA territory. Of note, VIC25 underestimated the 24 h infarct volume at every ischemic interval (p < 0.05, one-way ANOV A). VIC5o, on the other hand, showed a moderate en largement (not, however, statistically significant at one-way ANOVA) affects the ischemic volume analysis and requires an adjustment (see the text). Measurements of the 24 h VIC2s, VICso' and infarct volume are derived from animals undergoing simultaneous CBF autoradiography and histologic analysis. p < 0.05, one-way ANOV A) to attain a stable size that by 3 h after MCNCCAO (i.e., when the infarct process reaches a maximum in this model) (Kaplan et al., 1991) closely matched the 24 h infarct vol ume. These results indicated that (a) moderately ischemic cortex (CBF = 25-50 ml 100 g-1 min-I) went on to infarction (contributing up to one-third of the 24 h infarct volume) and (b) VICso at 3 h encompassed the region destined to infarct. Fur thermore, because VIC2s and VICso showed little change between 3 and 24 h of ischemia, the infarc tion of the moderately ischemic cortex could not be attributed to a late deterioration in CBF. Edema progressively increased in ischemic cor tex undergoing infarction (Fig. 1, lower panel) so that by 24 h the edema volume reached a magnitude equivalent to one-third of the infarct volume ( Fig.  1) . Although the precise distribution of edema in ischemic cortex could not be determined, most of the edema resides in the infarct (the water content in this model is 79% in normal cortex, 80% in the paramedian noninfarcted cortex of the ischemic hemisphere, and 88% in the infarct core) (Mayer and Pulsinelli, 1992) . Accordingly, VIC2s and VICso were also progressively swollen by edema, and for valid comparisons between VIC2s, VICso, and the 24 h infarct volume, the edema volume had to be subtracted from each of these values. The following rationale was invoked. Since the 24 h infarct (con taining the bulk of the edema) was circumscribed by CBF < 50 ml 100 g-1 min -1 (Fig. 1) , we inferred that most of the edema was confined to cortex with CBF < 50 ml 100 g-1 min -1 during the 24 h of ischemia. Subtraction of the edema volume from VIC50 therefore provided a more accurate (100% accurate if edema was completely contained by VIC50) measure of cortex at risk for infarction. Cor rected for the edematous swelling that evolved over 24 h, VIC50 rapidly (within 15 min of MCAICCAO) identified approximately 80% of cortex threatened with infarction. Between 15 min and 24 h of isch emia, the edema-corrected VIC50 still offered a close estimate (within 20%) of the 24 h infarct vol ume. After subtracting the edema volume, the en largement in VIC50 observed between 15 min and 3 h of ischemia was reduced by 50% (i.e., VIC 50 rose from 79 ± 36 to 115 ± 32 mm3 vs. 92 ± 36 to 145 ± 33 mm3 shown in Fig. 1 without the correc tion for edema). This indicated that one-half of the early expansion of VIC50 was due to edematous swelling. An edema correction for VIC25, although desirable, proved impractical because the presump tion that all of the edema might lie within VIC25 was grossly inaccurate (inspection of the autoradio-J Cereb Blood Flow Metab, Vol. 12, No. 3, 1992 graphs resolved that moderately ischemic cortex with CBF = 25-50 ml 100 g-1 min -1 was visibly swollen).
Conscious SHRs (group 2) produced results (Fig.  2) consistent with the findings in anesthetized SHRs (group 1). VIC25 in all four series (A-D) underesti mated the 24 h infarct volume on average by one half (p < 0.001, two-way ANOVA) while VIC50 at 2.5 h after MCAICCAO was not statistically differ ent from the 24 h infarct volume. VIC25, VIC50, and edema volume at 2.5 h after ischemia onset was not significantly different (p > 0.05, Student's t test) from the values at 3 h after ischemia onset (group 1). Edema continued to evolve between 2.5 and 24 h (p < 0.00 1, two-way ANOVA) and contributed to one-third of the infarct volume (the maximum effect if edema lay completely inside the infarct). When the edema volume was subtracted from VIC50 and from the infarct volume as described for group 1 (see above), the "corrected" VIC50 exceeded the 24 h "corrected" infarct volume by 24% in A, 11% in B, and 6% in C, but underestimated the infarct vol ume by 29% in D. The difference between the edema-corrected VIC 50 and the edema-corrected 24 h infarct volume, however, did not reach statistical significance at p < 0.05 (two-way ANOVA). When the data for A-D were pooled, the mean values for the edema-corrected VIC50 and the edema corrected 24 h infarct volume were 121 ± 46 and 116 ± 31 mm3, respectively.
rCBF measurements at the 24 h infarct border
Direct rCBF measurements under histologic guidance (Fig. 3) confirmed that 50 ml 100 g -1 min -1 demarcates the 24 h infarct border (Fig. 4) in anesthetized (group 1) and awake (series A in group 2) SHRs. The fall in rCBF across the infarct border was steep anteriorly (except at the frontal poles, data not shown) and less steep posteriorly, where the infarct border rCBF was somewhat higher (-60 ml 100 g-1 min -1 in the occipital lobe, but this failed to reach statistical significance at p < 0.05, two-way ANOV A). Adjacent to the infarct, a small «0.5 mm) patchy rim of cortex (more prominent posteriorly) stained inhomogeneously with hema toxylin and eosin. This region lacked the laminar pattern observed in control (nonischemic) cortex but was insufficiently pale to qualify as infarction. Further histologic characterization (e.g., under higher magnification) was not feasible because of the poor cellular resolution obtained with frozen sections. rCBF measurements in this ischemically altered area ranged between 50 and 65 ml 100 g -1 min-I. .;pare VIC25, VIC5o, and edema volume at 2.5 h after ischemia onset to the 24 h infarct and edema volume in con scious SHRs (group 2). As in group 1 (see Fig. 1 ), VIC25 consistently under estimates the infarct volume (*p < 0.001, two-way ANOVA) while VIC50 yields a closer match. Between 2.5 and 24 h after ischemia onset, edema con tinues to accumulate (*p < 0.001, two way ANOVA). OEDEMA VOLUME AT 2.5 HR ISCHEMIA eEDEMA VOLUME AT 24 HR ISCHEMIA
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The effect of MABP on cortical ischemia in anesthetized SHRs Anesthesia lowered the MABP, and in some me chanically ventilated animals the MABP exhibited considerable fluctuation during the ischemic period, but with a single (temporary) exception, the MABP never fell below 90 mm Hg after the onset of isch emia. Nevertheless, the question arose when rela tive hypotension (i.e., vs. the much higher MABP in awake SHRs) could have influenced ischemic in jury. Scatter diagrams failed to show any correla-
tion between MABP (at any ischemic interval) and the magnitude of either VIC5o, edema volume, or the infarct volume (data not shown), which is con sistent with our other studies employing this model (J acewicz et aI., 1990a, b) . No correlation with MABP was observed for rCBF at the infarct border (data not shown).
DISCUSSION
In the rat, 3 h of focal cerebral ischemia is the approximate time following which recirculation no A longer attenuates cortical infarction (Xue et al., 1990; Chen et al., 1991; Kaplan et al., 1991) . At this critical juncture, the volume of ischemic cortex with CBF <50 ml 100 g -I min -1 (VICso) more closely matches the 24 h infarct volume than does the volume of ischemic cortex with CBF <25 ml 100 g-I min -I (VIC2s). The latter underestimates the infarct volume at every ischemic interval tested (from 15 min to 24 h). Following adjustments for edematous swelling, VICso rapidly (within 15 min of ischemia onset) matches 80% of cortex threatened with infarction, and between 1 and 24 h of ischemia provides an even closer match of infarct volume. At 24 h of ischemia, histologically guided CBF mea surements at the infarct border average 50 ml 100 g-I min -I in both conscious and in recently anes thetized SHRs. The ischemic volume and rCBF analysis thus indicate that "moderately ischemic" cortex (with CBF = 25-50 ml 100 g -1 min -I) un dergoes irreversible damage in the rat (much of is identified by marked pallor on the H&E sections. Superposition onto the autoradiograph identifies the border's location for rCBF measurements (large arrows) presented in Fig. 4 . Patchy, unevenly stained cortex may abut the infarct (just medial to the ar row) and is more prominent posteri orly. The important contribution of edema to infarct volume becomes ev ident when the cortical thickness on the ischemic side is compared to the non ischemic side. The arrowheads de note the distance (1.5 to 2 mm) on each side of the infarct border used for the rCBF measurements in Fig. 4. which is completed by 3 h of ischemia). After 3 h of ischemia, further expansion of VIC2s and VICso does not occur (VICso may actually contract by 10-15% when corrected for edema), and, therefore, a late deterioration of CBF cannot account for the infarction of moderately ischemic cortex, nor can infarction of the moderately ischemic zone be atrib uted to early ischemia of greater severity, because VIC2s and VICso at 15 min and 1 h after MCAI CCAO are both smaller than their counterparts at 2.5-3 h of ischemia. Ischemic injury to neurons (but not infarction) occurs just outside the infarct mar gin, where CBF measures 50-65 ml 100 g -1 min -I. Together, these observations point to a CBF thresh old of ischemic damage that (conservatively) ap proaches 50 ml 100 g -1 min -1 in the hypertensive rat subjected to 3 h or more of focal cerebral isch emia.
A blood flow of 25 ml 100 g -1 min -1 has been proposed as the threshold for ischemic damage fol- Consecutive rCBF measurements along a 0..5 mm wide central cortical band crossing the border (arrows) separating infarcted cortex from noninfarcted cortex in anesthetized (group 1) and awake SHRs (group 2). Control CBF (C, at the extreme left of each coronal level) is taken from the left, non ischemic paramedian cortex. Under histologic guidance (see Fig. 3 ), the infarct border was identified on the stained coronal section used to generate the CBF autoradiograph. rCBF measures approx imately 50. ml 10.0 g-1 min-1 (dashed line) at the infarct border at the level of the basal ganglia and hippocampus in both anesthetized (n = 7) and conscious (n = 5) SHRs. This border rCBF was significantly smaller than the preceding value (p < 0.05, two-way ANOVA) but not significantly greater than the following value lying within the infarct. At the occipital level in SHRs, rCBF averages 60 ml 100 g-1 min-1 at the infarct border.
lowing 4 h of focal cerebral ischemia in the rat (Ty  son et aI., 1984) . We were therefore surprised to find in our nimodipine (J acewicz et al., 1990; Jacewicz et aI., 1991b) and MK-801 (Dirnagl et aI., 1990a,b) studies that VIC25 at 2.5 h after MCAI CCAO underestimated the 24 h infarct volume by a factor of 2-3 in both treated animals and controls, while VIC50 offered a closer match (see C and D in Fig. 2) . These experiments indicated that cortex with CBF = 25-50 ml 100 g -I min -I at 2.5 h of focal ischemia went on to infarction over 24 h, but until the current experiments were completed, it was not known if CBF had risen from lower levels or later deteriorated to cause infarction. It remains unclear why our CBF threshold for ischemic damage is approximately twice the level observed in Sprague-Dawley rats (Tyson et aI., 1984) . One possibility is that evolving infarction in moderately ischemic cortex may not be as readily detected histologically at 4 h (Tyson et aI., 1984) as at 24 h (present study) after ischemia onset. An other possibility is that differences in animal strain could affect the CBF threshold for ischemic injury. SHRs (and the closely related stroke-prone SHRs) are more susceptible to large infarcts than nor motensive rats because of an inadequate collateral circulation (Coyle and Jokelainen, 1983; Coyle, 1984 Coyle, , 1986 Coyle and Heistad, 1986; Jacewicz, 1992) . In hypertensive rats, the cortical surface ar teries (Johansson et al., 1985) and the vascular anastomoses between the MCA and the anterior ce rebral artery (Coyle, 1987) have a lumen diameter that is 30-40% smaller than in normotensive ani mals. We cannot exclude the possibility that the temporal change in blood flow patterns may differ in the territory of the occluded MCA of normoten sive rats. This likelihood, however, is lessened by the observation that the differences in infarct-edge CBF are small when SHRs are compared to nor motensive Fisher 344 rats (infarct-edge CBF = 44 ± 15 ml 100 g-I min-I) (Jacewicz et aI., 1990c) . Nonetheless, comapred to normotensive animals, MCAICCAO in the SHRs generates a much larger ischemic mass (Brint et al., 1988) , and consequently more toxic products of cell damage (e.g., glutamate, edema, and acid metabolites) may be released and diffuse into the surrounding brain tissue. One can hypothesize that the extra metabolic stress caused by these putative toxins on marginally perfused tis sue converts reversible injury to infarction, hence raising the critical CBF at which damage is sus tained. However, one would then predict that the critical CBF in the occipital cortex would decrease since noninfarcted cortex abuts only a small tongue of the infarct, yet CBF measurements at the 24 h infarct border are actually somewhat higher (not lower) in the occipital lobe when compared to the infarct border CBF measurements more anteriorly (Fig. 4) .
Could the high volume of edema affect the quan titative measurement of CBF at the infarct edge? The effect of edema is to dilute the C4C]iodoantipy rine concentration in the brain, which we believe is physiological (i.e., reflecting poor capillary blood flow). An error could result to give spuriously high CBF measurements if the reference brain weights ommitted edema (e.g., used dried brain weight sam ples). If the dilution of the C4C]iodoantipyrine con centration itself were artifactual (for which we see no obvious mechanism), then the subsequent error would be to underestimate (not overestimate) the critical blood flow level. Thus, an error due to edema cannot account for the relatively high thresh old blood flows observed in our study.
The CBF threshold for 24 h infarction is at least threefold higher than the threshold CBF (10-17 ml 100 g-l min -I) reported for cats and primates (As trup et aI., 1977 (As trup et aI., , 1981 Morawetz et aI., 1978; Hoss mann and Schuier, 1980; Schuier and Hossmann, 1980; Jones et aI., 1981; Heiss, 1983; Heiss and Rosner, 1983; Strong et aI., 1983; Symon, 1985) . The differences cannot be explained by early or late hemodynamic fluctuations in our study. The isch emic volume analysis indicates that irreversible ischemic damage did not initially occur at very low blood flows that were later masked by partial reper fusion (i.e., during the first hour of ischemia, the VIC50 underestimates the infarct volume, and there fore, the CBF in the MCA periphery destined to infarct actually exceeds 50 ml 100 g-I min -I ) . Moreover, there is no evidence for a deterioration in CBF following 2.5-3 h of ischemia (i.e., the isch emic volumes show no enlargement after this criti cal period of ischemia). Although we anticipated that hypertension, relative or absolute, may have passively increased CBF in a dysautoregulated ischemic border (thereby masking a lower CBF ac tually responsible for damage), we found no corre lation between higher blood pressures and higher blood flows at the 24 h infarct border.
The seemingly high CBF threshold for infarction in the rat, however, can be explained by known species differences in brain metabolism, cytoarchi tectonics, and blood flow (for review, see chapter 5 in Siesj6, 1978) . A major principle of physiology holds that as an animal's body weight decreases across species, its resting metabolism and that of its tissues increase (Kleiber, 1961; Hofman, 1983) . Cortical oxygen consumption rises by a factor of 3 from bovine to mouse brain (anaerobic glycolysis, in contrast, appears to be unaffected) (Elliott, 1948;  J Cereb Blood Flow Metab, Vol. 12, No.3, 1992 Tower and Young, 1973) . Important changes in cor tical cytoarchitectonics accompany this species ef fect on metabolism (Haug, 1987; Stolzenberg et aI., 1989) . As the average species brain weight declines, the density of neurons in the neocortex (excepting area 17) increases (Cragg, 1967; Haug, 1987) , while mean perikaryal volume (Bok, 1959) and glia per neuron decrease (Tower and Elliot, 1952; Sharif, 1953; Friede, 1954; Hawkins and Olszewski, 1957; Tower, 1967; Tower and Young, 1973) . Depending on the species, methodology, and region of neo cortex selected, 1 mm3 of primate cortex contains 20,000-60,000 neurons and 22,000-66,000 glia while the rat has 91,000-132,000 neurons and 40,000-53,000 glia/mm3 (Tower and Elliot, 1952; Tower, 1954; Brizzie et aI., 1964; Bass et aI., 1971; Hess and Thalheimer, 1971; Haug, 1987) . The higher cel lular packing density in the rat brain has been used to explain the higher rate of cerebral (giucose and oxygen) metabolism in the rat vs. primate (Nilsson and Siesj6, 1976; Kennedy et aI., 1978; Siesj6, 1978) . The coupling of CBF to cerebral metabolism (Des Rosiers et aI., 1974; Siesj6, 1978) is probably responsible for the approximately threefold higher basal CBF in the rat (100-160 ml 100 g -I min -I) compared to the primate (35-55 ml100 g-I min-I) (Symon et aI., 1974; Jones et aI., 198 1; Marcoux et aI., 1982; Bell et aI., 1985) . Cell packing density has also been invoked to justify a species ranking of CBF thresholds causing ischemic injury (Tamura et aI., 1981; Strong et aI., 1983) . The current study supports this ranking concept and further suggests that the relative threshold (i.e., expressed as per cent change from normal CBF values) may be more uniform across mammalian species (i.e., approxi mately one-third of the basal nonischemic CBF) ( Table 3) .
Such an interspecies constancy in the CBF threshold for injury is consistent with the hypothe sis that neurons comprise the hierarchical tissue governing ischemic tolerance and the CBF thresh old for focal ischemic brain damage. Stated another way, if brain energy expenditure goes largely to 
30-40%
SHRs 45-50 ml 100 g-I min-I 100-160 ml 100 g-I min-I
a Adapted from Morawetz et al. (1978) , Astrup et al. (1981) , Jones et al. (1981) , Bell et al. (1985) , and Symon (1985) .
b Adapted from Symon et al. (1974) , Morawetz et al. (1978) , Jones et al. (1981) , Marcoux et al. (1982) , and Bell et al. (1985) . maintammg neuronal function, then the minimal blood flow that satisfies the energy needs of isch emic but viable brain tissue will critically depend on neuronal density. The upshot is that a CBF = 45-50 ml 100 g-1 min -1 is adequate (and normal) for the primate brain, but insufficient for the two-to three fold greater energy demands posed by the rat's threefold greater neuronal density. The hypothesis of neuronal primacy in ischemia susceptibility, however, fails to explain why glia, whose cell den sity is less affected by speciation, also die (as part of the infarct process) at a higher CBF in rats than in primates. One possible reason might be that indi vidual glia in rats have increased energy needs pro portionate to the greater number of neurons (and their dendritic-synaptic arbors) that the glia must support per unit of space. Hence, glial susceptibility to ischemia could change across species as a function of neuronal density, but this remains to be proved.
Edema is responsible for about one-half of the early expansion in the volume of cortex threatened with infarction (i.e., VIC50) and for up to one-third of the 24 h infarct volume. Consequently, a correc tion for edema in the ischemic volume analysis (i.e., the subtraction of edema volume from VIC50) is es sential for an accurate profile of hemodynamic changes over time. Corrected for edema, VIC50 en compasses 80% of cortex at risk for infarction within 15 min of ischemia onset, 100% at 1 h, and undergoes relatively little change thereafter. Since infarct inception in this model requires approxi mately 1 h and maximization approximately 3 h (Kaplan et aI., 1991) , much of the critical ischemic damage is sustained in VIC50 without additional ma jor fluctuations in CBF. This clarifies the relevance of several metabolic events previously observed in the moderately ischemic rat brain. The cerebral ac idosis (Nakai et aI., 1988; Kaplan et aI., unpub lished observations) , the early inhibition of protein synthesis (Jacewicz et aI., 1986; Mies et aI., 1991) , and induction of the "heat shock response" (Jacewicz et aI., 1986 ) at a CBF < 50 ml 100 g -1 min -1 reflect far more ominous conditions than pre viously believed. Preliminary evidence in our labo ratory also suggests that a CBF reduction to 45-50 mll00 g-1 min -1 will rapidly depolarize the cortex in SHRs (Takeda et aI., 1991) . Taken together, our results demonstrate that "moderately ischemic" cortex, far from being metabolically quiescent, ex periences major physiologic events that render the region irretrievable after approximately 3 h of isch emia. 
